Coherent soft x-ray scattering experiments from a semiconductor sample consisting of InP islands on a smooth semiconductor substrate are described. The soft x-ray scattering was performed with 266 eV photons produced by an undulator source. Using a position sensitive detector, we are able to detect diffusely scattered x rays in the vicinity of the specular reflection, with an in-plane momentum transfer of up to 6 m Ϫ1 . Using Huygens-Fresnel theory and atomic force microscope images of the surface structure, we simulated the scattering assuming a finite lateral coherence length for the incident radiation. The lateral coherence length of the incident beam was found to be 20 m from a fit to the observed diffraction pattern from a pinhole. The effect of changes in the surface morphology on the speckle pattern was simulated to explore the potential of coherent soft x-ray scattering for the study of surface structure dynamics.
The random intensity variation observed in the specular and near specular reflection of coherent radiation from random surfaces is referred to as speckle. The speckle is caused by random path differences between radiation scattered from different locations on the sample, which interfere at the detector in the far field to produce a random interference pattern. Speckle patterns are sensitive to the particular configuration of the random surface whereas incoherent light scattering is sensitive to statistical averages of the structure. Therefore, one can learn about the dynamics of surface structure in thermal equilibrium even when the average structure is constant by measuring the time dependence of the speckle pattern. The use of coherent visible radiation to study dynamical phenomena is an established technique. 1 However, the small wavelengths available with synchrotron radiation in principle allow one to probe much smaller length scales than is possible with visible light. Undulators in third generation synchrotron radiation sources produce radiation that is coherent enough to observe speckle patterns. Recently, the first coherent hard x-ray scattering from random bulk and surface structures have been carried out. [2] [3] [4] [5] However, reflection coefficients and diffuse scattering from surfaces and interfaces are very small in the hard x-ray wavelength range except near grazing incidence. This reduces the sensitivity of hard x rays for large angle scattering from surfaces. Large angle scattering is needed to probe structure at high spatial frequencies ͑short length scales͒. Except at grazing incidence, reflection coefficients are orders of magnitude larger for soft x rays than for hard x rays. A much larger range of scattering angles is therefore experimentally accessible for diffuse reflection in the soft x-ray range. In addition, material specific scattering experiments on low-Z elements are possible with soft x rays. For these reasons, soft x-ray scattering is a potentially useful technique for studying the structure of surfaces.
In this article, we report experiments with undulator radiation, measuring soft x-ray speckle patterns from InP islands grown on smooth InAs-coated InP substrates. Numerical simulations of the partially coherent scattering have been carried out according to Huygens-Fresnel scattering theory in the Fraunhofer approximation. These calculations are used to simulate the change in the speckle pattern resulting from small variations in the surface morphology of the sample.
Our experiments were carried out at the X1B beamline at the National Synchrotron Light Source at the Brookhaven National Lab. The experimental setup is shown in Fig. 1 . The dimensions that are indicated in Fig. 1 correspond to a typical setup, but were varied between experiments. In order to block stray light from the beamline, a 3 mm diameter pinhole was placed in the beam downstream from the monochromator exit slit. To increase the lateral coherence length of the incident x rays, the synchrotron radiation beam was apertured using a commercial ͑Melles Griot͒ 20 m diameter pinhole. To minimize diffraction effects on the size of the illuminated area on the sample, the downstream-pinhole-tosample distance was kept as short as possible or about 30 mm. The sample was mounted on a single axis rotation stage so that the angle of incidence could be varied. Generally, the detector was placed 540 mm away from the sample in the horizontal direction approximately parallel to the direction of the incident beam ͑see Fig. 1͒ . Stepper motors were employed to reposition the detector into the specular beam when the angle of incidence was varied. The position sensitive detector consisted of a multichannel plate stack with a two-dimensional ͑2D͒ spatially resolving resistive anode readout. The active area consists of 1024ϫ1024 pixels, a͒ Also at Department of Electrical and Computer Engineering.
which are 40 mϫ20 m in size. The image acquisition times were typically a few minutes.
Numerical simulations of the scattering were made using atomic force microscope ͑AFM͒ images of the samples and a Huygens-Fresnel scattering theory.
6 Figure 2 shows the geometry considered in the simulations along with the definition of the momentum transfer vectors parallel and perpendicular to the plane of the surface. Following the theory of statistical optics we can write the mathematical expression for the light intensity in terms of the autocorrelation function of the field. We compute the scattering from the sample by following the propagation of the autocorrelation function of the incoming light through an optical system described by a complex pupil function. The later takes into account the size of the illuminated area on the sample and the random phases associated with the path difference resulting from the surface height profile.
In the following discussion, all prefactors in the scattering intensity are omitted in order to simplify the mathematical expressions. We define the complex pupil function as follows:
where p(x,y) is an elliptical aperture function which simulates the footprint of the beam on the sample. The aperture function is unity inside the elliptical illuminated region on the sample surface and is zero elsewhere. h(x,y) is the surface height function relative to a reference plane, which was obtained from AFM measurements. The real-space autocorrelation of the complex pupil function is given by
,yϩ ⌬y 2 ͪ dx dy.
͑2͒
The real-space autocorrelation function of the incoming light is assumed to be Gaussian and is given by
where L c is the lateral coherence length along the cross section of the beam and is the angle of incidence. The sin takes into account the projection of the cross section of the beam onto the sample. The two autocorrelation functions are Fourier transformed and convolved together to yield the pattern of the intensity of the radiation on the detector:
͑4͒
Intuitively, one can think of the calculation as summing the complex phase factors arising from the path difference between each point on the sample and the considered pixel on the detector. The longitudinal coherence length was not taken into account in these calculations and is therefore assumed to be infinite. The Fraunhofer diffraction pattern ͑Airy pattern͒ produced by a 10 m diameter pinhole was measured by placing the detector 800 mm behind the aperture. In order to maximize the wavelength and diffraction ring contrast in this measurement, the energy of the incident photons was set close to the long wavelength limit of the beamline at 215 eV ͑5.8 nm wavelength͒. Comparing this measurement with simulations done using the previously discussed model allowed us to evaluate the lateral coherence length of the incident x-ray beam. A cross section of the measured diffraction pattern is shown in Fig. 3͑a͒ . The experimental data are in good agreement with the calculated diffraction pattern for a lateral coherence length, L c ϭ20 m. Decreasing the coherence length diminishes the contrast of the interference rings, however, the average intensity remains relatively unchanged. Destructive interference is reduced by the finite coherence length of the x rays as illustrated at the bottom of Fig. 3 where we show simulations for various coherence lengths.
The sample used in the experiments described here consists of InP islands grown on an InAs-terminated InP wafer by solid source molecular beam epitaxy. The substrate's native oxide was thermally desorbed under an As 4 overpressure at a temperature of 540°C, measured by optical band-gap thermometry. The reflection high-energy electron diffraction ͑RHEED͒ pattern was strong but spotty after the oxide desorption. The growth was carried out at a substrate temperature of 500°C under a phosphorus overpressure (BEPϷ6 ϫ10 Ϫ5 mbar). Rotation of the RHEED pattern at the beginning of the growth suggested that P was substituted with As during the oxide desorption. Presumably InP does not wet the InAs layer, which terminated the surface prior to growth. This is our explanation for why the InP grows as islands on this sample. This sample is an appropriate test sample for coherent soft x-ray scattering since the surface is rough enough to give strong diffuse scattering yet not so rough that the specular reflection is lost. Also the InP islands are large enough that they scatter in the Ͻ6 m Ϫ1 in-plane spatial frequency range that is readily accessible with our experimental geometry and detector size. InAs quantum dots, for example, scatter primarily outside the spatial frequency range that we are sensitive to here. The AFM measurements were made on an area of the sample close to the incident spot for the x-ray beam but not at the identical location. The simulation results can therefore only agree with the measured scattering data in a statistical average sense.
X-ray scattering measurements were done on this sample at a photon energy of 266 eV ͑4.7 nm wavelength͒ since this energy has the maximum photon flux for the beamline. By keeping the photon energy below the carbon edge, we minimize the effects of loss of throughput due to absorption by carbon contamination on the beamline optics. The configuration of the experimental setup is shown in Fig. 1 , with the angle of incidence ranging between 3.4°and 7.4°. The AFM image of the sample used for the scattering simulations is shown in Fig. 4 . The elliptical border of the AFM image indicates the area of the x-ray spot on the sample at an incidence angle of 7.4°. The corresponding measured speckle pattern is given in Fig. 5 along with coherent (L c ϭϱ) and partially coherent (L c ϭ20 m) simulation results.
We refer to the number of decades that is spanned by the intensities in an image as the ''dynamic range'' of the image. To facilitate comparison, all three results were plotted on a color scale with the same dynamic range as the experimental data. The relative intensities of the simulations were scaled to match the experimental data. No attempt was made to simulate the absolute intensity. The overall shape of the simulated intensity and the size of the speckles agree with the experimental data. The intensity of the central specular reflection relative to the surrounding diffuse reflection is approximately correct. However, the simulations have a larger dynamic range than the data and therefore many of the pixels in the calculated images are saturated white in the figure. The simulation also has a higher speckle contrast. The finite longitudinal coherence of the x-ray beam, which is neglected in our simulations may also contribute to the difference between the measured and simulated scattering. The AFM does not necessarily produce a true image of the sample since an AFM image is a complex convolution of the profile of the end of the tip with the surface of the sample. This could change the scattering distribution as a function of spatial frequency.
The longitudinal coherence length ͑spectral purity͒ for our experimental conditions was
This is on the order of the maximum path difference between light beams scattered from either end of the illuminated region on the sample. The finite longitudinal coherence has not been taken into account in our simulations. Second, the simulations were carried out using the lateral coherence length obtained by fitting the Airy rings produced by a 10 m diameter pinhole. In the measurements on the InP sample, the pinhole was larger, and the photon energy was higher. The lateral coherence length depends on the solid angle of the pinhole seen by the exit slit of the monochromator and will decrease with increasing pinhole diameter. Also, the shorter wavelength output of the undulator used for the reflectivity experiments will also reduce the coherence length relative to the coherence length obtained from the pinhole diffraction. Both of these effects ͑finite longitudinal coherence and overestimate of the lateral coherence length͒ will cause the measured speckle contrast to be smaller than the simulated speckle contrast as observed in Fig. 5 . The incident angle and the size of the detector limit the maximum range in Q x that can be measured without moving the detector. In order to expand the range of Q x , the detector was scanned in overlapping steps. By scanning the detector in steps of one half the detector length with the angle of incidence kept constant, we were able to explore scattering with values for the in-plane momentum transfer Q x ranging FIG. 6. X-ray scattering for large values of the in-plane momentum transfer obtained by moving the position sensitive detector in steps of one-half of its' length. The photon energy is 266 eV, and the angle of incidence is 5.4°. The inset shows an enlargement of part of the graph in order to show the reproducibility of the data between experiments ͑scan lines are offset for clarity͒. FIG. 5. Two-dimensional scattering from the InP island sample. The angle of incidence is 7.4°with respect to the surface and the photon energy is 266 eV. The intensity colormap is on a logarithmic scale with the same dynamic range for all three images. The three images show: ͑a͒ the simulated speckle pattern calculated from the atomic force microscope image in Fig. 4 with an infinite lateral coherence length, ͑b͒ the same simulation except with a lateral coherence length of 20 m, and ͑c͒ experimental scattering data for the sample whose AFM image was used in the simulations. The longitudinal coherence length is assumed to be infinite in all of the simulations. up to 6 m Ϫ1 . In Fig. 6 , we present the result of an experiment to measure a large Q x range for 266 eV photons incident on the sample at an angle of 5.4°. The intensity was integrated along an 80 pixel wide line of slope ⌬Y /⌬X ϭ0.15 with respect to the edge of the detector. The individual image intensities were normalized to the intensity of the incoming synchrotron radiation and the data acquisition time before plotting the spectra on a common intensity scale. The intensity peaks at the edge of the detector are artifacts typical of this type of imaging detector. A comparison of the overlap regions between two consecutive detector positions shows the reproducibility of the speckle as illustrated in the inset in Fig. 6 . This confirms that the observed fluctuations in intensity are speckle due to the surface scattering and are not detector noise.
In the simulation, the pattern of the axis of the x-ray intensity pattern is tilted with respect to the frame of the image ͓see Fig. 5͑a͔͒ . This is caused by the orientation of the InP islands on the sample. In the AFM images in Fig. 4 , the islands are elongated and aligned with the ͓110͔ crystal direction on the substrate. The orientation of the islands creates directional scattering, which is responsible for the tilt in the diffuse scattering. The slope along which the detector intensity was integrated ͑see Fig. 6͒ is slightly smaller than the tilt observed in the simulated data, which indicates that the sample ͓100͔ crystal axes were slightly misaligned with respect to the plane of incidence during the measurements.
The effect of a change in the surface morphology on the speckle pattern was simulated by erasing one InP island from the AFM image used to simulate the intensity distribution. The location of the missing island is indicated with an arrow before and after being removed in Fig. 4 . The scattering simulation was computed with the modified AFM image, and the resulting speckle pattern was subtracted from the original simulation. The absolute value of the difference image is shown in Fig. 7 using the same logarithmic grayscale as in Fig. 5 . There is a measureable difference between the two images with a spatial frequency distribution that mirrors the distribution of scattering in the original simulation. There are about 20 large InP islands in the original image. Since the scattering is dominated by the islands, one would expect that removing one island would reduce the average nonspecular scattering intensity by about 5% spread over the same spatial frequency range as the original speckle pattern. This is consistent with the difference image in Fig. 7 : near the specular position, the intensity of the difference is about 1.3 orders of magnitude ͑i.e., a factor of 20͒ smaller than the average intensity of the scattering.
Changing the position of one of the islands will have a similar effect on the speckle as removing one island, except that the overall scattering intensity will not change. The individual speckles in the experimental data cover about 25 pixels with approximately 150 counts/pixel ͓see Fig. 5͑b͔͒ .
Assuming that the uncertainty in the measurement of the intensity in one speckle is given by the square root of the total number of counts, we should be able to detect changes in the intensity on the order of ϳ1/ͱ4000ϭ1.6%. Thus, the current experiment has enough sensitivity to detect the motion or disappearance of one of the InP islands. This indicates that coherent soft x-ray scattering can be used to study the dynamics of the InP islands in the test sample used in this experiment. Initial experiments to explore the island motion/ evaporation at elevated temperature were only partially successful due to the movement of the x-ray beam on the sample, caused by thermal expansion of the sample and sample holder. A brighter undulator source and higher count rate detector would improve the sensitivity and make it possible to detect smaller changes with better time resolution. Many orders of magnitude increase in source brightness are possible before sample heating becomes a problem.
In conclusion, we have described measurements of speckle in the scattering of coherent soft x rays from InP islands on a flat semiconductor substrate. These experiments and simulations of the scattering using atomic force microscope images of the surface structure, demonstrate the feasibility of coherent soft x-ray scattering as a means for studying the dynamics of the structure of surfaces in equilibrium or near equilibrium.
